This study provides the first evidence that rat epididymis is fully capable of initiating an inflammatory response to lipopolysaccharide (LPS) from Escherichia coli through activation of Tolllike receptor 4 (TLR4). TLR4 functionality was demonstrated by in vivo LPS challenge, which induced a time-and dosedependent activation of the transcription factor nuclear factor kappa B (NFKB) in caput and cauda epididymides. NFKB activation by LPS in caput epididymidis was abrogated when rats were pretreated with the NFKB inhibitor PDTC, confirming the specificity of this response. Within 2 h of LPS treatment (0.01 and 1 mg/kg, i.v.), NFKB activation in caput and cauda was accompanied by upregulation of Il1b, Nfkbia, and Cd14, but not Tlr4, mRNA. These effects, however, were not sustained after 24 h of LPS treatment. Lipopolysaccharide systemic effects were not restricted to epididymides, since Il1b, Nfkbia, and Cd14 mRNAs were also upregulated in other male reproductive tissues from LPS-treated rats (1 mg/kg, i.v., 2 h). Constitutive TLR4 was immunolocalized in some, but not all, epididymal epithelial cells and in interstitial cells, some of them identified as resident ED2-positive macrophages. No change in TLR4 immunostaining pattern was observed when epididymides from control and LPS-treated rats were compared (1 mg/kg, i.v., 2 h and 24 h). Significant NFKB activation was also achieved within 1 min of in vitro incubation of caput epididymidis with LPS (0.01-5 lg/ml), confirming that components for TLR4 signaling cascade activation are fully active in this tissue. This study contributes to a better understanding of the innate immune response in the epididymis and other tissues from the male reproductive tract.
INTRODUCTION
The epididymis is an androgen-dependent organ involved in the maturation, transport, and storage of sperm prior to ejaculation [1, 2] . It is exposed to a constant risk of inflammatory conditions, including bacterial, viral, and fungal infections, as well as idiopathic infections. A common result of these conditions is epididymitis, a pathology that may lead to the destruction of the epididymal duct and transient or permanent sterility, an event more frequent than infection and inflammation of the testis [3] [4] [5] [6] [7] .
Recently, several known or putative host defense proteins produced and secreted by the epithelial cells of epididymides and other tissues from the male reproductive tract have been characterized in different mammalian species, including human [8] [9] [10] [11] [12] . Several of these proteins exhibit in vitro antimicrobial activity and may help protect the male reproductive tract against pathogen infection. Some of these proteins also are found on the sperm surface, suggesting their possible involvement in the production of fertilization-competent sperm, as well as antimicrobial protection of the sperm along the female reproductive tract (for review, see Hall et al. [13, 14] ). Mechanisms by which innate epididymal antimicrobial proteins participate and are regulated in vivo during pathogen infection, however, are poorly understood.
Rapid innate immune defense against bacterial, fungal, and viral infections involves the recognition of the different classes of invading pathogens by specific pattern recognition receptors named Toll-like receptors (TLRs). Toll-like receptors comprise a family of proteins that share homology with the Toll receptors of Drosophila and are expressed across all vertebrate species (for review, see Akira and Takeda [15] ). At least 11 structurally related mammalian TLRs (TLR1-TLR11) have been identified in human, whereas 13 are found in searches of the mouse genome [16] . The TLR4 has been shown to be essential for the responsiveness of mammalian cells involved in the first line of host defense to lipopolysaccharide (LPS), the major component of the outer membrane of Gram-negative bacteria. Lipopolysaccharide, in combination with LPS binding protein (LBP) and accessory proteins CD14 and MD2, form a complex that activates TLR4 upon the engagement with a number of different adaptor proteins, including the myeloid differentiation factor 88 (MYD88), and induces an intracellular signaling cascade that culminates in the activation of the transcription regulator, nuclear factor kappa B (NFKB). In addition, TLR4 also can use an alternative MYD88-independent signaling cascade that culminates with activation of the transcription factor interferon-regulated factor 3 (IRF3) and regulation of genes typical for antiviral responses (for review, see Akira and Takeda [15] and Roach et al. [16] ).
NFKB consists of homodimers or heterodimers of the different subunits RELA (v-rel reticuloendotheliosis viral oncogene homolog A, previously known as subunit p65), NFKB1 (previously known as subunit p50), NFKB2 (previously known as subunit p52), REL (previously c-Rel), and RELB. The NFKB complex is bound to inhibitory proteins NFKBIA or NFKBIB (previously IjBa and IjBb), which inactivate NFKB by trapping it in the cytoplasm. Phosphorylation of serine residues on the NFKB inhibitory proteins by kinases CHUK and IKBKB (previously IKBKA/IKK-a and IKK-b) marks them for destruction via the ubiquitination pathway, thereby allowing activation of the NFKB complex. NFKB can be also associated with NFKB1 and NFKB2 precursors (p105 and p100, respectively), which act as regulators of NFKB transcriptional activity. Activated NFKB complexes translocate from the cytoplasm to the nucleus, where they bind DNA at NFKB binding motifs present in a number of target genes (for review, see Akira and Takeda [15] ).
Besides expression in mammalian cells involved in the first line of host defense, including neutrophils, macrophages, dendritic cells, and dermal endothelial cells [15, 17] , TLR4 also is expressed in epithelial cells present in the intestine [18] , lung [19] , and kidney [20] , and lining the female genitourinary tract [21] [22] [23] . Toll-like receptors, including TLR4, also have been observed in stromal cells in the female genital tract [24] , respiratory system [25] , and in vascular smooth muscle cells [26] . Recently, there has been increasing evidence for the constitutive expression of different TLRs, including TLR4, and adaptor molecules in the testis, epididymis, prostate, vas deferens, and seminal vesicle from human and rodents [27] [28] [29] [30] and in prostatic [31] and testicular cells [30] . In the rat ventral prostate, immunohistochemistry has located the expression of TLR4 in both epithelial and smooth muscle cells of this tissue [29] . Constitutive expression of LBP (mRNA and protein) also has been detected in the epithelial cells of the human epididymal tubules [32] .
Gram-negative bacteria (Chlamydia trachomatis and Escherichia coli) infections can cause inflammation of the testis and both acute and chronic epididymitis leading to blockade of the epididymal tubules [33] [34] [35] [36] . The involvement of TLR4 in normal reproductive biology as well as in response to epididymal infection and inflammatory conditions, however, is still unknown.
Lipopolysaccharide from Gram-negative bacteria is a wellknown pharmacological tool used to induce inflammatory status in many tissues in vitro, as well as systemic inflammation if administered in vivo [37, 38] . Thus, the aim of the present study was to evaluate whether the epididymis can respond to in vivo and in vitro challenge with LPS derived from the Gram-negative bacteria E. coli. The effects of LPS treatment on the activation of NFKB and on the expression of the genes Tlr4, Cd14, Nfkbia, and proinflammatory cytokine interleukin 1 beta (Il1b) were analyzed in caput and cauda epididymides. Immunohistochemistry localized TLR4 along epididymides from rats exposed or not exposed to in vivo LPS treatment. The results confirm that the epididymis contains a local and functional TLR4 signaling cascade that responds to a Gram-negative bacterial infection. The data also suggest that the epithelial cells lining the epididymal tubules may represent an immediate line of defense against invading pathogens in this tissue.
MATERIALS AND METHODS

Chemicals and Kits
Lipopolysaccharide from E. coli (055:B5), ammonium pyrrolidine dithiocarbamate (PDTC), and routine reagents were purchased from Sigma Chemical Co. (St. Louis, MO). a-32 P-ATP (3000 Ci/mmol, 10 Ci/ml) was purchased from Amersham Pharmacia (Piscataway, NJ).
Rabbit polyclonal antibodies against different NFKB subunits (RELA, NFKB1, NFKB2, and REL) used for gel supershift studies (2 lg/ll), goat polyclonal anti-TLR4 and corresponding blocking peptide (recognizing an epitope mapping within an extracellular domain of TLR4 of mouse origin and reacting with rat TLR4), mouse monoclonal macrophage subset (MS) antibody (for the detection of the ED2 antigen, a differentiation marker expressed by resident macrophages in nonlymphoid tissues [39] ), rabbit polyclonal antibodies against the C-terminal region of RELA and the N-terminal region of NFKB1 of human origin, goat polyclonal antibody against the C-terminal region of actin of human origin, and the secondary antibodies donkey anti-goat, rabbit anti-mouse, and goat anti-rabbit conjugated to horseradish peroxidase were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).
Avidin-Biotin-Complex staining kit was purchased from Vector Laboratories (Burlingame, CA). The secondary antibodies donkey anti-goat conjugated to Alexa Fluor 488 (for detection of TLR4 antibody) and rabbit anti-mouse conjugated to Alexa Fluor 594 (for detection of MS antibody) were purchased from Molecular Probes Inc. (Eugene, OR). Transfer membrane Immobilon-P (PVDF) was purchased from Millipore Corp. (Billerica, MA). Luminol reagent was purchased from Perkin-Elmer (Boston, MA). TRIzol, ThermoScript RT-PCR kit, and pCRII vector were purchased from Invitrogen (San Diego, CA).
Animals
Adult male Wistar rats (90 days old; 337 6 24.5 g) were housed in the Animal Facility at the Instituto Nacional de Farmacologia (INFAR), Universidade Federal de São Paulo, Escola Paulista de Medicina (UNIFESP-EPM), and maintained under controlled light (12L:12D cycle) and temperature (228C-248C), with food and water ad libitum. Animals were routinely manipulated daily during the 1 wk before the experiment to reduce stress levels. All rats used in the present study were killed by decapitation between 0800 and 1030 h. Experiments were conducted using the guidelines for the care and use of laboratory animals approved by the Research Ethics Committee from UNIFESP-EPM (process number 01254/05).
In Vivo LPS Treatment
Initially, rats were treated with sterile saline alone (control) or with saline containing LPS (1 mg/kg body weight) by i.v. injections, because this is a widely used dose of LPS for pathogen challenge [37, 40] . The animals then were maintained under observation and killed at different time points after injection (0.5, 1, 2, 3, 6, 9, 15, and 24 h). Animals also were treated with a lower dose of LPS (0.01 mg/kg body weight, i.v.) and killed 0.5, 1, 2, and 3 h after drug administration. Treatment with 1 mg/kg LPS induced typical symptoms of inflammation by 2-6 h after treatment, as indicated by reduced activity, ruffled fur, and shivering. All of these responses were generally resolved within 24 h after injection. These effects were less evident after administration of a lower dose of LPS (0.01 mg/kg, i.v.). In an additional group, rats were pretreated with the NFKB inhibitor PDTC (100 mg/kg body weight, i.v. [41] ) for 1 h prior to treatment with LPS (1 mg/kg) by i.v. injection. In this case, rats were killed 2 h after LPS treatment. Control rats were used at each time point for each LPS dose. Routinely, untreated animals were killed in order to discard possible effects caused by stress in the saline-treated group. A minimum of four rats per group were given each treatment at each time point. There was no significant effect of these treatments on rat body weight or on the relative weight of testes, caput and cauda epididymides, or mortality (data not shown). Lipopolysaccharide-exposed rats (1 mg/kg, i.v.) showed normal histology of epididymal tubules at 2 and 24 h after injection (data not shown).
A blood sample was collected from each rat at the time of the death; these samples were transferred to glass tubes and centrifuged (1500 3 g, 10 min, 258C), and the plasma was aliquoted and stored at À208C until use for hormone assays. Testis, epididymis, prostate, and seminal vesicle were removed, dissected on an ice-chilled plate, and freed of fat. Each epididymis was divided into three segments: the caput (including the initial segment), corpus, and cauda. Caput and cauda epididymides were used in the experiments. All tissues were either quickly frozen in liquid nitrogen and stored at À758C for later use (nuclear protein or total RNA extraction) or immediately processed for immunohistochemical studies.
Hormone Assays
Plasma levels of testosterone and corticosterone were measured by radioimmunoassay (RIA) using the kits Coat-A-Count Total Testosterone and Coat-A-Count Total Corticosterone, respectively, from Diagnostic Products Co. (Los Angeles, CA), according to manufacturer's instructions. The assay detection limit for testosterone was 0.04 ng/ml, and the intraassay and interassay coefficients of variations were 2.6% and 2.5%, respectively. The 1136 assay detection limit for corticosterone was 5.7 ng/ml, and the intraassay and interassay coefficients of variations were 5.3% and 5.0%, respectively.
In Vitro LPS Incubation
The caput epididymidis was identified on an ice-chilled plate and cut longitudinally in two halves. One half of the pair of tissues was used as control, and the other was LPS treated. Tissues were transferred to 20 ml nutritive solution (136.89 mM NaCl, 5.63 mM KCl, 1.80 mM CaCl 2 , 0.36 mM NaH 2 PO 4 , 14.88 mM NaHCO 3 , and 5.55 mM glucose, pH 7.6-7.8) kept at 308C with aeration [42] . After 15 min of incubation, tissues were transferred to nutritive solution in the absence (control) or in the presence of different concentrations of LPS (0.01-5 lg/ml) and incubated for different time points (1 min for protein studies; 1 and 5 h for RNA studies). During these incubations, nutritive solutions with or without LPS were renewed every 30 min. At the end of the incubations, tissues were rinsed with PBS, immediately frozen in liquid nitrogen, and kept at À758C until use. Contralateral tissues also were immediately frozen after the animal was killed in order to evaluate basal status of NFKB before in vitro incubations with LPS.
Electrophoretic Mobility Shift Assays to NFKB Consensus Oligonucleotide
Nuclear protein extracts were obtained according to standard methods [43] . Briefly, liquid nitrogen-pulverized caput and cauda epididymidis (;150 mg) were homogenized with a Polytron homogenizer in a buffer (50 mM Tris-HCl, pH 7.5; 0.25 M sucrose; 3 mM MgCl 2 ; 10% glycerol; 0.1 mM EDTA; 5 mM dithiothreitol [DTT]; and 5 mM PMSF). Samples were centrifuged at 1500 3 g for 10 min at 48C. Pellets were resuspended in 3 volumes of extraction buffer (10 mM Tris-HCl, pH 7.5; 10 mM MgCl 2 ; 0.5 mM KCl; 10% glycerol; 1.1 mM EDTA; 5 mM DTT; and 5 mM PMSF) and homogenized in a Dounce homogenizer. Samples were frozen/thawed in dry ice/ethanol and ice, respectively, for 30 min. After centrifugation at 100 000 3 g for 30 min at 48C, nuclear extract pellets were resuspended in DNA-binding buffer (10 mM Tris-HCl, pH 7.5; 25 mM KCl; 10% glycerol; 0.1 mM EDTA; 1 mM DTT; and 1 mM PMSF), aliquoted, and stored at À758C. Protein concentration was determined according to the method of Bradford (Bio-Rad), using BSA as a standard.
Electrophoretic mobility shift assay (EMSA) was performed as previously described [37] . Consensus NFKB oligonucleotide sequence (5 0 -AGTT-GAGGGGACTTTCCCAGGC-3 0 ) was end-labeled with T4 polynucleotide kinase and c 32 P-ATP. Nuclear extracts (15 lg) were incubated with 2 lg poly(dI-dC) for 20 min on ice in DNA-binding buffer (70 mM Tris-HCl, pH 7.6; 10 mM MgCl 2 ; and 5 mM DTT). Probe (25 000-35 000 cpm) was added to samples, and tubes were incubated for 30 min at room temperature. Protein-DNA complexes were resolved on nondenaturing 6% polyacrylamide gels buffered with 0.53 Tris/borate/EDTA buffer. Gels were transferred to Whatman 3 MM paper, dried, and autoradiographed with an intensifying screen at À758C. Autoradiographs were scanned and quantified by Scion Image Analysis (Scion Corp.) for densitometric analysis. Competition studies were performed by incubating samples, before the addition of the 32 P-NFKB probe, in the absence and presence of molar excess of unlabeled specific (NFKB) and nonspecific (TFIID, 5 0 -GCAGAGCATATAAGGTGAGGTAGGA-3 0 ) doublestranded oligonucleotide. The composition of NFKB-specific complexes also was determined by supershift assays. In this case, samples were kept in the absence or presence of antibodies against NFKB subunits: RELA, NFKB1, NFKB2, and REL. Antibodies (2 and/or 4 lg per sample) were incubated for further 30 min at room temperature after addition of 32 P-NFKB probe.
Immunoblotting
Nuclear extracts were separated on a 10% SDS-PAGE. After transfer to a PVDF membrane and 2 h of blocking at room temperature with Tris-buffered saline-Tween (100 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.05% Tween 20; and 2% dry milk), the membranes were incubated with specific antibodies directed against RELA (1:500) and NFKB1 (1:100) for 1.5 h at room temperature. The membranes then were washed and incubated for 45 min with secondary peroxidase-conjugated antibody. The reaction was developed with enhancer chemiluminescence detection method (Luminol). Antibody against actin was used as an internal control.
RT-PCR Assays
Total RNA was extracted from tissues using TRIzol, according to the manufacturer's instructions, and stored at À758C for later use. The RT-PCR amplification was performed using a ThermoScript RT-PCR system for firststrand cDNA synthesis. Oligo(dT)-primed cDNAs were synthesized from total RNA (5 lg) for 1 h at 558C in a reaction volume of 20 ll. The resulting cDNAs (2 ll) were amplified by PCR in a final volume of 25 ll containing 20 mM Tris-HCl, pH 8.4; 50 mM KCl; 1.5 mM MgCl 2 ; 0.4 mM dNTPs; 2 units Taq polymerase (Invitrogen); and 0.4 lM of each sense-and antisense-specific primer used to amplify specific nucleotide sequences present in Tlr4, Cd14, Il1b, Nfkbia, and Gapdh gene transcripts. Primer sequences, corresponding base sites, the sizes of the PCR products, and GenBank accession numbers were as follows: 0 -GGCAGTGCCATGGACTG-3 0 (380 bp; NM_017008). Each set of primers spanned at least one intron to ensure that PCR products were from cDNA and not genomic DNA. No-template negative control PCR reactions and RT-PCR in the absence of the reverse transcriptase were routinely performed to assess DNA contamination in the template RNA.
Semiquantitative analysis was used to determine the expression of each specific gene target. For each pair of primers, the number of cycles to amplify each cDNA in the linear range was determined under the following PCR conditions: an initial cycle of 2 min at 958C, followed by 20 to 35 cycles of 1 min at 958C, 1 min at 608C, and 1 min at 728C, and a final extension of 3 min at 728C. Amplification of the housekeeping gene Gapdh was used as internal control. Aliquots of the DNA samples (20 ll) were loaded onto agarose gels (1.5%) containing ethidium bromide (0.5 lg/ll). Polymerase chain reaction products were visualized with fluorescent illumination and photographed. Amplicons were gel purified, subcloned into the pCRII vector, and their identity verified by DNA automated sequencing (INFAR Core Facility, UNIFESP-EPM, São Paulo, Brazil). Gel photographs were scanned and quantified by Scion Image Analysis (Scion) for densitometric analysis. Results were calculated as the ratio of the signal of each specific gene in each sample to its corresponding internal standard (Gapdh). The normalized data then were expressed as percentage of the respective control group.
Immunohistochemistry
Immunohistochemical studies were performed as described previously [44] . Rat caput and cauda epididymides were dissected, embedded in Jung tissuefreezing medium (Leica Instruments, Nussloch, Germany), rapidly frozen in dry ice prechilled 2-methyl butane, and stored at À758C until use. Cryostat transverse sections (8 lm) from caput and cauda epididymides were fixed for 30 min in 4% paraformaldehyde in phosphate buffer (PBS: 137 mM NaCl, 2.68 mM KCl, 8.03 mM Na 2 HPO 4 , and 1.47 mM KH 2 PO 4 , pH 7.4). Following 5 min of incubation with 0.1 M glycine, sections were incubated with blocking solution (3% albumin and 0.01% saponin in PBS) for 1 h at room temperature. The Avidin-Biotin Blocking kit then was used to block the endogenous biotin. Goat polyclonal primary antibody against TLR4 receptor (1:25) or mouse monoclonal MS antibody against ED2-positive macrophages (1:100) were diluted in blocking solution and incubated with sections overnight at 48C. Following six 5-min washes in blocking solution, sections were incubated with the appropriated secondary antibody conjugated to biotin (1:200) diluted in blocking solution for 1 h at room temperature. The Avidin-Biotin-Complex staining system was used to localize biotinylated antibody, according to the manufacturer's instructions. Peroxidase activity was revealed using a PBS containing 3,3-diaminobenzidine (0.05%) and hydrogen peroxide (0.01%) for 3 min at room temperature. The sections then were counterstained with methylene blue, air dried, and coverslipped in Permount. Control experiments for the TLR4 antibody included overnight preabsorption of the primary antibody with 10-fold excess of the corresponding blocking peptide. The use of this antibody was reported by Quintar et al. [29] and has been validated in our laboratory by Western blot studies with total lysate from adult rat epididymis when the expected protein band was revealed (data not shown). For the MS antibody, control experiments were performed in the absence of the primary antibody. The sections were visualized with a Nikon E800 microscope (Nikon, Melville, NY). Images were digitalized using a CoolSNAP-Pro CCD digital camera and Image-Pro Express Software (Media Cybernetics, Silver Spring, MD).
Immunofluorescence analyses were performed using cryostat transverse sections (8 lm) from caput and cauda epididymides obtained, fixed, and incubated with blocking solution for 1 h at room temperature as described above. Sections then were incubated overnight at 48C with primary antibody against TLR4 receptor (1:25), washed six times for 5 min in blocking solution, and incubated TLR4 SIGNALING IN RAT EPIDIDYMIS overnight at 48C with the monoclonal MS antibody against ED2-positive macrophages (1:100). After six 5-min washes in blocking solution, sections were incubated sequentially for 1 h at room temperature with the respective secondary antibodies donkey anti-goat antibody conjugated to Alexa Fluor 488 and rabbit anti-mouse antibody conjugated to Alexa Fluor 594, both diluted in PBS (1:300). Sections were also treated with 4,6-diamidino-2-phenylindole (DAPI) for nuclear identification. Slides were coverslipped with Fluoromount-G (Electron Microscopy Sciences, Hatfield, PA) and visualized with a Nikon E800 microscope using the appropriated excitation filters. Images were digitalized using a CoolSNAP-Pro CCD digital camera and Image-Pro Express Software.
Data Analysis
Results were expressed as mean 6 SEM of the indicated number of experiments. Statistical comparisons were performed by one-way analysis of variance (ANOVA) followed by the Newman-Keuls test. P , 0.05 was considered statistically significant.
RESULTS
In Vivo LPS-Induced Activation of NFKB-Binding Activity on Rat Epididymis
Electrophoretic mobility shift assay was used to demonstrate possible changes in the levels of NFKB DNA-binding activity in the nuclear extracts of caput and cauda epididymides from rats exposed to in vivo LPS treatment. The time course of a major DNA/protein complex induced in the epididymis of rats treated with LPS (1 mg/kg, i.v., 0.5-24 h) is shown in Figure  1A . The low basal levels of NFKB-binding activity detected in both caput and cauda epididymides from control rats (saline treated) increased in a time-dependent manner upon treatment with LPS. Densitometric analysis indicated that this response presented a biphasic profile in caput epididymidis, with a first peak at 2 h and a second one at 15 h. In the cauda epididymidis, a significant peak was detected only within 2 h of treatment. The increase in DNA/protein complex induced by 2 h LPS treatment (1 mg/kg, i.v.) in caput epididymidis was prevented by systemic pretreatment with the NFKB inhibitor PDTC (100 mg/kg, i.v.) 1 h prior to LPS treatment (Fig. 1C) , confirming the involvement of NFKB on this response. The effect of LPS on this tissue also was dose dependent (Fig. 2) . Compared with rats treated with 1 mg/kg, lower levels of inducible DNA/ protein complex were observed in caput epididymidis from rats treated with 0.01 mg/kg of LPS (i.v., 0.5-3 h), with significant NFKB activation also observed approximately 2 h after treatment.
A) An EMSA was performed with nuclear extracts from caput and cauda epididymides from rats treated with saline (control) or LPS (1 mg/kg) by i.v. injection and killed 0.5-24 h after treatment. Autoradiograms shown are representative of independent experiments performed with nuclear extracts from tissues of different rats (n ¼ The DNA/protein complex observed in caput epididymidis in response to LPS (1 mg/kg, i.v., 2 h) was completely inhibited by a 50-fold molar excess of unlabeled NFKB oligonucleotide, but not TFIID, double-stranded oligonucleotide (Fig. 3A) , confirming the specificity of NFKB/DNA consensus sequence interaction. The subunit composition of the inducible protein/DNA complex was analyzed to determine which NFKB subunits are active in this signaling cascade in the epididymis (Fig. 3B) . The NFKB DNA-binding activity observed with caput and cauda epididymidis nuclear extracts of LPS-treated rats (1 mg/kg, i.v., 2 h) was significantly reduced in the presence of anti-RELA antibody, but not when antibodies against NFKB1, NFKB2, and REL were used. These results suggest that inducible NFKB in the epididymis is composed of RELA homodimers. The efficiency of the antibodies against NFKB1, NFKB2, and REL was confirmed by EMSA with control and LPS-stimulated rat brain extracts (data not shown). Immunoblotting further confirmed the increase in the basal levels of nuclear RELA subunits in caput epididymidis nuclear extracts from rats treated with LPS (1 mg/ kg, i.v.) for 2 h, an effect that reverted to control levels after 24 h of the treatment (Fig. 4) . Additionally, the constitutive level of nuclear NFKB1 subunits remained unchanged when caput epididymidis from control and LPS-treated rats for 2 h and 24 h were compared (Fig. 4) .
Effects of In Vivo LPS Treatment on Testosterone and Corticosterone Plasma Levels
Intravenous administration of LPS (1 mg/kg) resulted in a significant reduction of testosterone plasma levels within 2 h after treatment (0.83 6 0.10 ng/ml, n ¼ 9; P , 0.05) compared with control levels (2.58 6 0.70 ng/ml, n ¼ 32), returning to control levels after 24 h of treatment (1.39 6 0.81 ng/ml, n ¼ 4). In parallel, corticosterone plasma levels were significantly increased within 2 h after treatment (457.0 6 28.78 ng/ml, n ¼ 4; P , 0.05) compared with control rats (183.9 6 33.1 ng/ml, n ¼ 9). A lower dose of LPS (0.01 mg/kg, i.v.) did not affect serum testosterone levels within 2 h (3.11 6 0.68 ng/ml, n ¼ 7) or 24 h (2.30 6 1.02 ng/ml, n ¼ 7) after treatment, although corticosterone plasma levels were significantly increased within 2 h after treatment (583.3 6 22.4 ng/ml, n ¼ 4; P , 0.05), returning to levels similar to controls after 24 h of treatment (286.6 6 102.8 ng/ml, n ¼ 4). A graphic representation of the data is available online at www. biolreprod.org (Supplemental Figure 1) .
In Vitro Effects of LPS on NFKB-Binding Activity on Rat Epididymis
Electrophoretic mobility shift assay was conducted with nuclear extracts obtained from caput epididymidis incubated in vitro in the absence or presence of LPS. Interestingly, different concentrations of LPS (0.01-5 lg/ml) were able to induce a significant increase in the basal levels of NFKB binding activity within only 1 min after incubation, confirming the sensitivity of this tissue to respond to this bacterial component (Fig. 5) .
Tlr4, Cd14, Nfkbia, and Il1b Gene Regulation by LPS Semiquantitative RT-PCR was performed to analyze the levels of Tlr4, Cd14, Nfkbia, and Il1b transcript in caput and cauda epididymides, as well as other tissues from the male reproductive tract (testis, prostate, and seminal vesicle) from control (saline, 2 h) and LPS-treated (1 mg/kg, i.v., 2 h) rats.
Tlr4, Cd14, Nfkbia, and Il1b mRNAs were detected in all tissues tested (Fig. 6) . The transcript levels of Nfkbia and Il1b were increased in all tissues isolated from LPS-treated rats, further confirming the local response of tissues from the male reproductive tract to in vivo LPS (Fig. 6 ). All tissues, except seminal vesicles, also presented upregulation of Cd14 mRNA following LPS treatment. The abundance of Tlr4 mRNA, however, was not altered by LPS in any of the tissues tested. Similar results also were obtained in caput epididymidis when a lower dose of LPS (0.01 mg/kg, i.v., 2 h) was tested in vivo (Fig. 7A) .
The RT-PCR studies also revealed that in vitro incubation of caput epididymidis with LPS (0.01 lg/ml) for 1 and 5 h did not affect mRNA expression of any of the genes analyzed (Fig.  7B ).
TLR4 Protein Expression in Epididymis
Immunohistochemistry was used to analyze the expression of TLR4 in epididymis from control (saline, 2 h; Fig. 8 ) and 
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LPS-treated rats (1 mg/kg, i.v., 2 h). Although not present in epithelial cells from the initial segment (Fig. 8A) , TLR4-positive intracellular immunostaining was observed in nuclear/ perinuclear and supranuclear compartments of epithelial cells from caput epididymidis (Fig. 8B) . A diffuse staining in the cytoplasm of these cells was still observed in the experiments performed with the primary antibody previously incubated with specific blocking peptide, suggesting nonspecific staining (Fig.  8B, inset) . Besides a predominant nuclear/perinuclear staining, a faint diffuse cytoplasmic staining against TLR4 antibody was also observed in cauda epididymidis (Fig. 8, C and D) . In both caput and cauda epididymides, TLR4-positive immunostaining was visualized in most, but not all, epithelial cells present in each epididymal tubule (Fig. 8, B and C) . In general, TLR4-positive epithelial cells appeared to be more abundant in the caput than in cauda region. Immunohistochemistry also revealed groups of TLR4-positive cells located in the interstitial space from initial segment (Fig. 8A) and the caput and cauda epididymides (data not shown). No significant differences in the distribution and abundance of stained cells were observed when control and LPS-treated tissues (1 mg/kg, i.v., 2 and 24 h) were compared throughout analysis of tissue sections (data not shown). All positive immunostainings detected in epithelial and interstitial cells were significantly reduced upon preabsorption of the TLR4 antibody with its specific blocking peptide (Fig. 8, A and C, insets) .
The nature of TLR4-positive interstitial cells also was investigated. No TLR4-positive staining in the epididymal interstitial space in initial segment or caput and cauda epididymides from control or LPS-treated rats (1 mg/kg, i.v., 2 and 24 h) was colocalized with mast cells that were evidenced by methylene blue counterstaining (data not shown). The presence of ED2-positive macrophages along rat epididymis was evidenced by immunohistochemistry (Fig. 9) . ED2-positive interstitial cells were detected in initial segment (data not shown) and caput and cauda epididymides (Fig. 9, A and   FIG. 3 . NFKB activation induced by in vivo treatment with LPS in rat epididymis. A) An EMSA was performed with caput epididymidis nuclear extracts from rats treated with LPS (1 mg/kg, i.v., 2 h). Competition assays were conducted in the absence (À) or presence (þ) of 50-molar excess of unlabeled specific (NFKB) or nonspecific (TFIID) double-stranded oligonucleotide. B) Supershift assays were performed with caput and cauda epididymides nuclear extracts from LPS-treated rats (1 mg/ kg, i.v., 2 h). Samples were incubated in the absence (À) and presence (þ) of increasing concentrations of antibodies against NFKB subunits, as indicated. Autoradiograms are representative of independent experiments performed with nuclear extracts from tissues of different rats (n ¼ 4). The positions of free probe and 32 P-NFKB DNA/protein binding complexes are indicated by arrows.
B)
. A higher abundance of ED2-positive interstitial cells was observed in cauda compared with the proximal regions of the epididymis. In colocalization immunofluorescence studies, few ED2-positive interstitial cells (Fig. 9C ) also were found to be positive against TLR4 antibody (Fig. 9D ) in caput epididymis from control rats, representing a subset of TLR4-positive resident macrophages (Fig. 9F) . Similar results also were visualized in the cauda epididymidis (data not shown). The abundance of ED2-positive interstitial cells in the epididymis from saline-treated animals was similar to that observed in LPS-treated rats (1 mg/kg, i.v., 2 and 24 h; data not shown).
DISCUSSION
The present study provides the first functional evidence that intravenous administration of 1 mg/kg LPS from E. coli leads to a substantial NFKB activation in the rat epididymis during a 24-h observation period. Inhibition of LPS-induced NFKB activation in caput epididymidis from rats pretreated with the NFKB inhibitor PDTC confirmed the involvement of systemic LPS with NFKB activation in this tissue. The fact that a significant activation of NFKB was already achieved in the caput epididymidis within 1 min of in vitro LPS incubation indicates that the components for the activation of the TLR4 signaling cascade are fully active in this tissue. Constitutive expression of TLR4 was observed in some, but not all, epithelial cells from caput and cauda epididymides. TLR4 also was immunolocalized in epididymal interstitial cells, with part of them identified as resident ED2-positive macrophages. The functionality of the TLR4 in the epididymis also was supported by the increase induced by in vivo challenge with LPS in Cd14, Nfkbia, and Il1b transcript levels, which are genes known to be regulated by changes in NFKB activity in other tissues [45, 46] . Altogether, our results provide strong pharmacological evidence that LPS is able to trigger an inflammatory response in the rat epididymis, acting through TLR4 expressed along this tissue.
Previous reports indicate that testicular function and male fertility are impaired during inflammation, resulting in reduction of testosterone plasma levels and sperm number [47] [48] [49] [50] . The mechanisms involved in this inhibition, however, are not well known. O'Bryan et al. [50] reported that intraperitoneal injection of E. coli LPS, in a dose compatible with a mild bacterial infection, induced in adult rats a partial decrease of testis testosterone secretion due to loss of Leydig cell steroidogenic ability, whereas higher doses of LPS induced endotoxemia, inhibition of Leydig cell activity, and increased damage to the seminiferous epithelia. In the present study, a lower dose of LPS (0.01 mg/kg, i.v.) did not change rat testosterone plasma levels within 2-3 h of treatment. However, LPS at 1 mg/kg (i.v.) induced a significant decrease in the rat testosterone plasma levels within 2 h after treatment, an effect reverted after 24 h. This effect was accompanied by a significant increase in corticosterone plasma levels, as also reported in human and other experimental models [51, 52] .
NFKB is a well-characterized transcription factor activated by several stimuli, especially bacterial products (such as LPS) and cytokines. Its most common activated form is a heterodimer composed of two subunits, RELA and NFKB1, which translocates to the nucleus and activates a series of target 
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genes, including cytokines, inflammatory enzymes, and receptors (for review, see Akira and Takeda [15] and Ghosh et al. [53] ). The induction of RELA/RELA homodimers also is known to be involved in both transcriptional activation and repression of genes expressed in immune, endothelial [54] [55] [56] , and epithelial cells [57, 58] . In the present study we suggest for the first time that rat epididymis is another example in which most of the NFKB transcriptional activity altered by in vivo LPS is mediated mainly by RELA/RELA homodimers. Activation of this transcription factor within 2 h of in vivo LPS treatment (0.01 and 1 mg/kg) was accompanied by an increase in Cd14, Il1b, and Nfkbia transcript levels in the epididymis, confirming the ability of systemic LPS to induce proinflammatory gene expression in this tissue through NFKB, as previously reported in other tissues [45, 46, 53, 59, 60] . The effects of circulating LPS on gene expression were not restricted to epididymis, since upregulation of Cd14, Nfkbia, and Il1b transcripts within 2 h of in vivo LPS treatment (1 mg/ kg) was also observed in testis, seminal vesicle, and prostate. As previously suggested by Ghosh et al. [53] , NFKBIA can strongly sequester NFKB in the cytoplasm. Thus, it can be suggested that at least the augmented expression of Nfkbia after 2 h of in vivo LPS treatment in the epididymis is possibly related to a compensatory mechanism to balance NFKB FIG. 6. Tlr4, Cd14, Nfkbia, and Il1b gene regulation by LPS. A) Representative inverted image photograph of agarose gel showing the detection of mRNA levels of the indicated genes by semiquantitative RT-PCR using total RNA extracted from testis (T), epididymis (caput, Cp; cauda, Cd), seminal vesicle (SV), and prostate (P) from control (saline) and LPS-treated (1 mg/kg, i.v., 2 h) rats. MW indicates a 100-bp standard DNA ladder. B) Results from independent experiments performed with samples from tissues of different rats (three to four), were scanned and quantified for densitometric analysis. Each sample was normalized to its corresponding internal standard (Gapdh). Each bar represents the normalized data expressed as percentage (mean 6 SEM) of the respective control group (saline, white bars). Black bars show LPS treatment (1 mg/ kg, i.v., 2 h). *P , 0.05 when compared with control. 1142 activation, preventing an undesirable overexpression of proinflammatory genes in this tissue.
It is important to emphasize that the biphasic NFKB activation (early peak at 2 h and a late peak at approximately 15 h) observed in caput epididymidis in response to in vivo LPS treatment resembles the pattern of NFKB activation known to occur in different pathological situations and microbial infections in other tissues [61] [62] [63] [64] . Although the molecular basis of this biphasic behavior in the epididymis will require further investigation, it is possible that the early induction of the NFKB-mediated pathway is followed by induction of secondary mediators (such as cytokines, among others), which would then have the potential to trigger the late induction of NFKB via a positive-feedback loop, similarly to other tissues [61, 64] .
Inflammation is characterized by the production of cellular and humoral mediators acting in concert to amplify and extend this process. Temporal changes observed during the inflammatory reaction are linked to the regulation of many inflammatory genes [65] . Although in vitro LPS (0.01 lg/ml) was able to induce significant NFKB activation within only 1 min of its incubation with caput epididymis, the levels of Cd14, Nfkbia, and Il1b mRNAs were unaffected when this tissue was incubated for up to 5 h with this microbial product. Since in vivo LPS (0.01 and 1 mg/kg, i.v.) effectively induced the upregulation of these genes within 2 h of the treatment, we can speculate that the modulation of their expression in the epididymis may be dependent on LPS-induced systemic factors. Alternatively, we can not discard that longer periods of incubation and/or higher concentrations of LPS are necessary to induce gene expression changes in rat epididymis. In fact, the literature reports that the effects of in vitro LPS on the expression of inflammatory response-related genes in different tissues and cultured cells are dependent on the concentration and time of incubation of this microbial product, in most cases of at least 24-48 h [30, [66] [67] [68] [69] . In our experimental model, rat epididymis could not be kept in vitro for longer periods of time due to loss of tissue integrity. Furthermore, only slight changes in Nfkbia and Il1b transcripts were observed when caput epididymidis was incubated in vitro for up to 5 h with higher concentrations of LPS (50 lg/ml; Rodrigues et al., unpublished data). Thus, additional experimental strategies will be necessary to characterize the molecular events by which LPS can modulate the expression of target inflammatory genes in the unique epididymal environment.
Distribution of TLR4 has been reported in the recent years not only in immune cells, but also in epithelial cells from FIG. 7 . Densitometric analysis of the results obtained by RT-PCR with total RNA isolated from: (A) caput epididymidis from rats treated with saline (S; control) and LPStreated rats (0.01 mg/kg, 2 h) by i.v. injection and (B) caput epididymidis incubated in vitro in the absence (control, 0) or presence (0.01 lg/ml) of LPS for 1 and 5 h. Each sample was normalized to its corresponding internal standard (Gapdh). Each bar represents the normalized data expressed as percentage (mean 6 SEM; n ¼ 4) of the respective control group (saline and absence of LPS for 1 h, respectively). *P , 0.05 when compared with control.
different peripheral tissues [23, 27, [70] [71] [72] . Different TLRs, including TLR4, have been detected in stromal cells from the female genital tract [24] , respiratory system [25] , and in vascular smooth muscle cells [25, 26] . TLR4 expression also has been reported in different tissues and cells from the male reproductive tract [27] [28] [29] [30] . The predominant localization of TLR4 in intracellular compartments of epithelial and smooth muscle cells from rat prostate [29] and other peripheral tissues from human and rat has been suggested as an immunoregulatory mechanism that would prevent unnecessary activation of the epithelial layer in these tissues [23, [70] [71] [72] [73] . Our immunohistochemical studies also revealed that constitutive expression of TLR4 along rat epididymis also is located mainly in intracellular compartments of different epididymal cells. In fact, TLR4 expression was detected in nuclear/perinuclear and supranuclear compartments of some, but not all, epithelial cells from caput epididymidis. In the cauda region, a predominant nuclear/perinuclear staining and a faint diffuse cytoplasm staining were observed in a subset of epithelial cells, whereas no TLR4-positive epithelial cell was evidenced in the initial segment. Unlike rat prostate [29] , no TLR4-positive staining was observed in smooth muscle cells along rat epididymis. Our immunohistochemical studies also indicated the presence along the entire epididymis of interstitial cells positively immunostained against TLR4 antibody, part of them constituted by a subpopulation of resident ED2-positive macrophages.
Under normal conditions the presence of immune cells, including lymphocytes, macrophages, mast cells, and dendritic cells, has been described in the testis and epididymis from different species [74] [75] [76] [77] [78] [79] [80] [81] [82] . An infection by microorganisms often leads to an acute inflammatory response, which activates resident macrophages and recruits blood leukocytes to the site of the inflammatory insult [83] . The major activities of macrophages, including phagocytosis and production of either inflammatory or anti-inflammatory mediators, are controlled by surface receptors. In the rat, intracytoplasmic antigen ED1 is expressed in monocytes, subpopulations of newly arrived tissue macrophages, and dentritic cells [84, 85] , whereas the surface glycoprotein ED2 is expressed selectively in resident macrophages [39] .
ED1-and ED2-positive macrophages have been characterized in rat testis [77, 83, [86] [87] [88] [89] . Lipopolysaccharide-induced inflammation in this tissue results in a transient and significant increase of ED1-positive macrophages, which express inflammatory markers even in the absence of exogenous inflammatory stimulation, concomitantly with no change in the population of resident ED2 macrophages [89] . Although these testicular ED2-positive macrophages do not express inflammatory markers, they exhibit cytotoxic, phagocytic, and immunosuppressive activities [77, 89] , suggesting that both ED1-and ED2-positive macrophages may play specific roles in innate immunity and in the response to infection in the testis. Although the existence of ED1-positive cells along rat epididymis has been previously reported in the literature [78] , our immunohistochemical studies reveal for the first time that rat epididymis contains a heterogenous population of ED2-positive macrophages expressing or not expressing TLR4. Furthermore, our data also indicate that the relative number of ED2-positive macrophages along the epididymis is not modified by in vivo LPS treatment (1 mg/kg, i.v.; 2 and 24 h). Collectively, the results suggest that LPS can potentially trigger its effects in rat epididymis by acting on both epithelial and interstitial cells, including resident TLR4/ED2-positive macrophages. The possible role of the heterogeneous population of ED2-positive macrophages as well as other immune epididymal cells and their impact in orchestrating the link 1144 between innate and adaptive immune response to an infectious stimulus in the epididymis, however, will need further investigation.
Finally, the literature indicates that TLR4 (mRNA and protein) regulation by the microbial product LPS may differ depending on the species, cell, and tissue analyzed [15, 90] . Either in the epididymis or other tissues from the rat male reproductive tract, our study shows that in vivo LPS treatment did not have a significant impact on the levels of Tlr4 mRNA. Furthermore, the pattern of TLR4 immunolocalization in epididymal cells was not changed in epididymis from control and LPS-treated rats (1 mg/kg, i.v., 2 and 24 h), suggesting that the Tlr4 gene is not under NFKB regulation in this tissue. It is known that the induction of prostatitis by the direct injection of E. coli into the rat prostate promoted an increase in Tlr4 expression (mRNA and protein) in this tissue [29] . Also, a differential impact of uropathogenic and nonpathogenic commensal E. coli on MYD88-dependent and alternative MYD88-independent TLR4 signaling pathways has been suggested to contribute to the modulation of proinflammatory cytokine expression in different populations of isolated rat testicular cells [30] . Based on the fact that different cell types express TLR4 in the rat epididymis, further evaluation of the impact of microbial products or whole bacteria on the regulation of TLR4 intracellular signaling pathways will provide insights into the mechanisms by which the expression of inflammatory responsive genes is regulated in response to infection in this tissue.
In conclusion, our findings suggest that immune and nonimmune epididymal cells, including epithelial cells, express functional TLR4 that, upon recognition of a microbial component such as LPS from E. coli, can induce a specific signaling cascade that results in NFKB activation and changes in gene expression that aid in the defense of the male reproductive tract against infection. The results contribute to a better understanding of the innate immune response in the epididymis and open new insights into its importance in physiological and pathological processes in this tissue. FIG. 9 . Immunolocalization of ED2-positive macrophages in cryosections from rat caput (A) and cauda (B) epididymides. Immunofluorescence studies also were performed in caput epididymidis using antibodies against TLR4 (C; green fluorescence) and ED2 antigen (D; red fluorescence). Cell nuclei were stained with DAPI (E; blue fluorescence). The merge of TLR4-and ED2-positive staining also is shown (F). Negative controls were performed in the absence of primary antibody (ED2 antibody) or presence of TLR4 antibody previously incubated with its respective blocking peptide (data not shown). Results are representative of independent experiments performed with tissues from at least three to four rats. Arrowheads indicate ED2-positive interstitial cells; arrows, TLR4-positive interstitial cells; asterisks, colocalization of TLR4-and ED2-positive macrophages. LU, Lumen; EP, epithelium; IS, interstitial space. Bar ¼ 50 lm.
